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Summary: Symposium on Optical Methods Applicable to Renal
Re search
Editor's Note:
The International Society of Nephrology is currently sponsoring a series entitled "Forefronts in Nephrology" under the direction of Professor G.
Giebisch. On January 7—JO, 1990, a Symposium on Optical Methods Applicable to Renal Research was held in Scottsdale, Arizona, and was
chaired by K.R. Spring of Bethesda, Maryland and K.A. Jacobson of Chapel Hill, North Carolina. The following is a summary of the Symposium
prepared by Dr. Spring and Dr. Jacobson.
The Fifth Forefronts in Nephrology Symposium was held on
January 7—10, 1990 in Scottsdale, Arizona. Approximately 70
renal researchers heard presentations by cell biologists, epithe-
hal physiologists, and nephrologists who are using advanced
methods in quantitative light microscopy to study cell structure
and function. Most of the attendees were interested in applying
these approaches to their preparations or were already employ-
ing light microscopic methods and wished to improve their
knowledge and techniques in this rapidly developing field. The
meeting was organized so that each methodological approach
was introduced by a cell biologist who was expert in that area,
and followed by renal researchers and epithelial physiologists
who had applied the methods to tissues of interest to nephrol-
ogists.
Optical microscopy
The meeting began with a presentation by Dr. Frederick R.
Maxfield on endocytosis, chemotaxis and phagocytosis in a
variety of cells, including chinese hamster ovary (CHO) fibro-
blasts and neutrophils. He described new methods in optical
microscopy in the study of receptor-mediated endocytosis and
motility. Receptor-mediated endocytosis is a process by which
cells internalize ligands bound to specific receptors expressed
on the cell surface. The ligands include hormones (such as
insulin and epidermal growth factor), serum proteins (such as
low density lipoproteins [LDL] and transferrin), as well as some
toxins and viruses. In the major endocytic pathway, ligands and
receptors are internalized via clathrin coated pits and pass
through a variety of organelles described collectively as endo-
somes. An important feature of endocytosis is the sorting of
ligands and receptors to appropriate destinations, a major
emphasis of the research by Dr. Maxfield and his colleagues.
Many of the sorting steps in the endocytic pathway are
accomplished by modulation of the pH within endosomes.
Since the ratio of fluorescein fluorescence excited at 490/450 nm
is strongly pH dependent, fluorescein labelled ligands have
been used to measure the pH of various types of endosomes. By
using several ligands which bind to specific receptors and by
varying the incubation conditions, selective labelling of individ-
ual types of endosomes as well as measurement of their internal
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pH can be accomplished in living cells. The fluorescence images
are obtained with an image intensified video detector. The
images are digitized by a image processing board in a computer,
the background fluorescence is corrected for, and the ratio of
intensities at 490/450 is obtained for each endosome. The pH of
each endosome can then be obtained by comparison with a
calibration curve obtained in situ. The pH of individual endo-
somes can be measured with a standard deviation of 0.2 to 0.3
pH units. They found that in CHO fibroblasts various types of
endosomes maintain pH values between 5.0 and 6.5. the acidic
pH of these endosomes is required for processes such as
dissociation of many ligands (such as insulin or LDL) from their
receptors and the release of iron from the transport protein
transferrin. The regulation of pH allows these processes to
occur in a definite order in specific types of endosomes, so that
insulin and many other ligands are dissociated more rapidly
than lysosomal enzymes.
In their most recent work in this area, Dr. Maxfield and
colleagues developed methods to measure the fluorescence
intensity of single endosomes and to determine the kinetics of
fusion and separation of individual endosomes within living
cells. To obtain an adequate signal with rhodamine labelled
transferrin, they created a CHO cell line which expresses high
levels of transfected human transferrin receptors but none of
the parent hamster receptor. The properties of vesicles contain-
ing LDL were measured with a highly fluorescent derivative
DiI-LDL. They defined a sorting endosome which fuses with at
least 30 to 40 early endosomes containing internalized transfer-
nfl and LDL. These sorting endosomes mature into late endo-
somes which are no longer capable of fusion with early endo-
somes. Maturation occurs with a half time of approximately
eight minutes; during this period the sorting endosome contin-
uously buds off recycling endosomes which carry recycling
receptors back to the cell surface. The multiple fusions with
early endosomes and budding off of recycled endosomes is
referred to as iterative fractionation and results in very high
efficiency of sorting of recycling receptors back to the cell
surface. Iterative fractionation together with pH regulation
provide a basis for many of the sorting processes associated
with endocytosis.
Dr. Maxfield also described studies of the role of changes in
cytoplasmic free calcium ([Cab) in chemotaxis and phagocyto-
sis by human neutrophils loaded with the calcium indicator dye
fura-2. All neutrophils moving toward opsonized targets exhib-
2 Spring and Jacobson: Optical techniques
ited at least one transient increase in [Ca]1 during a five minute
period of observation. Inhibition of these transients by buffering
[Ca]1 with intracellular BAPTA or removal of extracellular Ca
resulted in partial or complete inhibition of the ability of the
neutrophils to migrate on serum-coated coverglass. Differential
interference contrast (DIC) images showed that such inhibition
of migration was caused by an inability of cells to release from
sites of attachment. During chemotaxis, no consistent or stable
gradients in [Ca]1 were seen along the axis of migration.
However, during phagocytosis approximately 2/3 of the cells
exhibited relatively prolonged elevation of [Ca]1 in the region
immediately surrounding the phagosome. These local changes
in [Ca]1 may be important in directing localized fusion of
granules with the phagosome membrane.
The presentation by Dr. Maxfield was an impressive demon-
stration of the power of modern quantitative optical microscopy
and served to set the stage for subsequent speakers who
described a number of sophisticated applications of microscopy
to biology.
High resolution video microscopy
Dr. Edward D. Salmon described the methods and results
obtained from high resolution video microscopy of the cytoskel-
eton of living epithelial cells from newt lung. Dr. Salmon, an
acknowledged expert on video-enhanced DIC light microscopy,
showed how objects as small as microtubules could be visual-
ized in living cells. DIC in conjunction with video enhancement
can produce enormous gains in image contrast with the result
that objects, or fine structural detail, invisible to the eye by
direct viewing can be displayed in high contrast and recorded at
video frame rates. He showed how unstained microtubules, 25
nm in diameter, could be readily observed as they lengthened,
shortened and served as a polarized track for the movement of
vesicles. His presentation included specific suggestions on the
choice of microscope components, optical adjustments and
alignment, video detector and digital image processor.
Dr. Salmon used enhanced DIC to demonstrate that micro-
tubules are novel polymers which exhibit dynamic instability.
Following nucleation, they elongate by net subunit addition to
their plus end for a random period, then abruptly begin rapid
shortening by subunit dissociation from the plus end until they
are either abruptly "rescued" and elongate again or disappear
altogether. Because these transitions between growth and re-
gression are stochastic and asynchronous between different
microtubules, measurements of the life history of individual
microtubules using a technique like video-enhanced DIC mi-
croscopy are necessary to accurately obtain the rate constants
and transition frequencies characterizing "dynamic instabili-
ty". These approaches also provide an assay for exploring the
biochemical basis of instability by manipulating bathing solu-
tions or by physically manipulating microtubules using UV
microbeam irradiation.
Applications of DIC microscopy to isolated, perfused renal
tubules were described by Dr. Kevin Strange. In his studies of
the cortical collecting tubule (CCT), Dr. Strange used DIC
microscopy to differentiate between the various cell types in the
CCT. In the rabbit, the CCT is composed of three structurally
distinct cell types. Principal cells comprise approximately 65%
of the epithelium, while the remainder of the tissue is composed
of so-called type "A" and type "B" intercalated cells. Cell
volume measurements using quantitative differential interfer-
ence contrast (DIC) microscopy provide a very powerful means
to define solute and water permeabilities and hormone sensitiv-
ities of specific cell types in the isolated, perfused CCT. In
addition, DIC microscopy provides the only means currently
available to characterize cell volume regulatory mechanisms in
this tissue and other intact nephron segments. Maintenance of
cell volume is critically important to all cell types, but is
especially crucial in the function of the CCT. The constantly
changing rates of transcellular solute and water movements
through CCT cells poses a serious threat to intracellular homeo-
stasis.
To use DIC microscopy for renal tubule cell volume mea-
surements high contrast and high resolution images of the cells
must be obtained. In nephron segments with cellular heteroge-
neity, such as the mammalian CCT, apical, basal and lateral cell
borders must be clearly visible. Obtaining high quality images
depends, in part, on the optical characteristics of the prepara-
tion. Dr. Strange described in detail the microscope-video
system he employs to study isolated tubules. Cells in the CCT
can be imaged in either an optical section or lateral wall image
plane. Optical sectioning allows determination of absolute cell
volume changes, but has rather poor temporal and spatial
resolution. The lateral wall imaging plane, on the other hand, is
ideally suited for studies of isolated mammalian nephrons.
Volume changes of >3% can be easily detected with this
approach and images can be recorded at video framing rates if
necessary.
Cell volume changes are quantified at a separate image
analysis station. Recorded video images are played back on a
disc player, digitized using a video digitizing board with 512 x
512 x 8-bit resolution, and displayed on a high resolution 19
inch TV monitor. Cross sectional areas of lateral wall images
are determined by tracing cell borders using a graphics tablet
and image processing software. Experimental requirements that
need to be fulfilled for renal tubule cell volume measurements
include minimization of peritubular unstirred layers, rapid
changes in bath solution composition and mechanical stability
of the preparation. These requirements are met by using a
laminar flow bath chamber designed specifically for these
studies.
Rapid (millisecond) changes in luminal solution composition
can be made using either a double-barrel or retractable pipet
arrangement. Both of these pipet systems suffer from the fact
that they are technically difficult to construct and use. A simpler
approach is to use a conventional exchange pipet method in
which the perfusion pipet is flushed continuously at high rates.
This pipet system is easy to construct and use, but allows for
only relatively slow (1 to 3 seconds) luminal solution ex-
changes. DIC microscopy has been used extensively by Dr.
Strange to characterize sites of vasopressin action and water
transport, solute transport and volume regulatory mechanisms
in principal and intercalated cells of the CCT. In addition, cell
volume measurements have been and are continuing to be used
to study transcellular cross-talk processes in principal cells.
Computer-assisted video imaging
Dr. Kevin L. Kirk described how he has used computer-
assisted video imaging techniques to directly visualize and
quantify the binding and internalization of a biologically-active
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fluorescent vasopressin analog in isolated perfused rabbit CCT.
The work is intended to identify the target cells for vasopressin,
to characterize the effects of prolonged vasopressin exposure
on the cell surface expression of receptors for this hormone,
and to determine the physiologic relevance of ligand-induced
receptor internalization as a means of controlling vasopressin
sensitivity in the collecting duct. The binding of the fluorescent
vasopressin analog to the outer margins of the microperfused
CCT generates a band of fluorescence at the base of each target
cell that can be visualized and quantitated using digitized video
images of the CCT. These studies showed that the analog is
localized to the principal cell with the intercalated cells display-
ing no detectable, displaceable binding. Exposure of the analog
at saturating ligand concentrations results in a complete loss of
cell surface receptors within 20 to 30 minutes at 37°C. Lower
temperatures (20 to 25°C) inhibited internalization, if ligand is
present, indicating the fluorescent analog binds to the vasopres-
sin receptors normally present and that the analog may be used
as a quantitative probe of vasopressin binding and internaliza-
tion processes.
Recent work by Dr. Kirk has included the mapping of
vasopressin binding in the medullary thick ascending limb of
Henle's loop in the rat kidney. This segment also exhibits
detectable binding of the analog, but at a three- to fivefold lower
magnitude compared to the rabbit CCT. This observation is
compatible with the hypothesis that the lower vasopressin
sensitivity of the medullary thick ascending limb is due to a
lower density of receptors.
Dr. Kirk discussed use of the fluorescent analog and digital
video microscopy to examine the physiologic relevance of
ligand-induced receptor internalization as a means of down
regulating the vasopressin sensitivity of the CCT. Pre-incuba-
tion of isolated, perfused rabbit CCT prior to fluorescent analog
binding showed that exposure to low concentrations of the
native hormone results in a rapid and dramatic loss of cell
surface vasopressin receptors. Thus vasopressin-induced re-
ceptor internalization leads to a reduction in target cell sensi-
tivity that is expressed as an attenuation of hormone-stimulated
second messenger production. That cyclic AMP production is
far less reduced than cell surface binding implies the existence
of nonlinear coupling between vasopressin receptors and ade-
nylate cyclase, which likely protects target cells from becoming
dramatically desensitized to vasopressin during periods of
marked ligand-induced receptor internalization.
Microspectrofluorometric and digital image processing
techniques
Microspectrofluorometric and digital image processing tech-
niques for measurement of intracellular pH in parietal cells of
isolated gastric glands were described by Dr. Terry E. Machen.
He showed how pH measurements with the dye BCECF could
be used to study the activation events involved in acid secre-
tion. The resting cell pH, [pH],, of 7.1 of these cells can
increase, remain constant or decrease during stimulation. De-
spite the relatively small changes in [pH], (0.1 to 0.3 units),
there are large changes in the transport and permeability
properties of the basolateral membrane. A Na-independent
Cl/HCO3 exchanger that is blocked by disulfonic stilbenes and
serves as an acid loader is detectable in the resting cell. As
assessed by the rate at which [pH]1 increases during treatment
with H2DIDS, this transporter operates about five times faster
in the histamine + IBMX-stimulated cell than at rest. The
activity of this exchanger is unaffected by either histamine +
IBMX or by carbachol but is increased by increases in [pHi1
above 7.0. This [pH]1 dependency appears to be insufficient to
account for the stimulation-induced fivefold increase in activity.
Other factors must be responsible for activating the anion
exchanger. It seems likely that there is a decrease of cellular
[Cl]1, and preliminary experiments with the fluorescent indica-
tor SPQ show that [C111 does indeed decrease from the resting
level of 60 m to 45 m during stimulation.
There is also a NaJH exchanger that is inhibited by amiloride
and serves as a base-loader in the resting cell. As assessed from
rates of acidification during amiloride treatment, this exchanger
turns over about two times more slowly during histamine +
IBMX. This decrease in activity is due to a change in its [pH]1
dependence. In the resting cell, Na'H exchange activity is
increased by decreases in [pH]1; histamine + IBMX causes this
relationship to shift to the left such that transport at 6.5 < [pHI1
< 7.3 is decreased in the stimulated compared with the resting
cell. Surprisingly, stimulation with carbachol causes the Na/H
exchanger to increase its activity at [pH]1 7.1 by about twofold.
That the cells have a NaJHCO3 cotransporter has been
determined from the fact that in HCO3/C02-containing solu-
tions, cells recover from an acid load in the presence of
amiloride, and this recovery is Na-dependent but does not
require Cl. This cotransporter appears to serve as a base loader
in the resting cell. During histamine + IBMX the cotransporter
is apparently inactivated in 30 to 50% of the cells, while in other
cells there is no effect of the stimulants.
Thus, histamine + IBMX-induced activation of the parietal
cell elicits a multitude of changes in the acid base transport
properties of the basolateral membrane so that [pH]1 is main-
tained constant. The anion exchanger gets activated through the
combined effects of increased [pH]1 and, likely, decreased [Cl]1.
The Na/H exchanger gets inhibited because its [pH], depen-
dence shifts to a lower activity at any given [pH]1. The Na!
HCO3 cotransporter seems to be quite variable in its response
to stimulation. From this variability, plus the fact that histamine
+ IBMX and carbachol have different effects on the Na/H
exchanger, he concluded that there may not be a fixed pattern
of stimulation in parietal cells.
Digital fluorescence and DIC imaging
Dr. J. Kevin Foskett described the use of combined digital
fluorescence and DIC imaging of rat salivary gland acinar cells
in studies of the mechanisms of salivary secretion. Salivary
gland acinar cells exhibit a rise in cell calcium [Ca]1 upon
stimulation by muscarinic agonists. Elevation of [Cal1 is thought
to stimulate secretion by activating ion permeabilities. Specific
Ca-activated K channels and Cl currents have been identified
by patch clamp techniques in the plasma membranes of these
cells. The early phase of stimulation is associated with large
movements of Cl and K out of acinar cells. Osmotic conse-
quences of such ion fluxes would have important implications
because cell water content affects ion activities, thereby influ-
encing driving forces for secretion. Rapid alterations of cell size
may modulate specific ion channel activities via ccli volume-
sensing mechanisms. Simultaneous measurements of cell vol-
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ume from digitized DIC images and [Ca]1 or [Cl]1 with the
specific fluorescent indicators Fura-2 and SPQ were performed.
Agonist stimulation of secretion is associated with a tenfold
increase of [Ca], within —1 second. Simultaneous microelec-
trode recordings of K channel activation indicate that a recep-
tor-mobilized intracellular pool of Ca is localized near or at the
basolateral membrane. Activation is also associated with rapid,
substantial (-'-20%) cell shrinkage. Subsequent changes in cell
volume in the continued presence of agonist are highly variable
among cells but are tightly coupled to dynamic levels of [Ca]1,
even during sustained [Ca]1 oscillations. Experiments using Ca
chelators and ionophores show that elevated [Ca]1 is necessary
and sufficient to cause the observed changes of cell volume. The
relationship between [Ca]1 and cell volume suggests that the
latter reflects the secretory state of the acinar cell. It appears
that agonist-induced changes in [Ca]1 modulate specific ion
permeabilities, resulting in solute movement into or out of the
cell which causes cell volume changes. To test this hypothesis
the effects of stimulation in the presence of altered K gradients
was examined, and [Cl]1 was measured using SPQ, Stimulation
in high-K media caused cell swelling, indicating activation of
KC1 influx. Intracellular calibration of SPQ indicates that rest-
ing [Cl] equals 46 mM. Stimulation-induced shrinkage is accom-
panied by a parallel (temporally and quantitatively ) decrease of
[Cl]1 to 22 m, representing a 62% loss of cell Cl content.
Subsequent volume changes are tightly coupled to levels of
[Cl]1. The data are consistent with the conclusion that stimula-
tion of fluid secretion is associated with marked changes of cell
solute content, [Ca]1, [Cl]1 and cell volume. These changes
likely play an important role in modulating secretion by altering
driving forces and activating volume-sensitive transport path-
ways.
Multi-mode microscopy
Dr. D. Lansing Taylor spoke about multi-mode microscopy
of cellular dynamics. He described a sophisticated digital mi-
croscope system in which living cells could be illuminated and
visualized at several wavelengths. This approach permits up to
five fluorescent indicator dyes to be employed simultaneously
for the monitoring of several parameters of cell function. This
type of microscope work station is based on the need to acquire
different types of optical information from the same specimen.
The wide range of modes of light microscopy that can be
harnessed offers a tremendous opportunity to explore the
chemical and molecular dynamics of living cells, and the
organization and content of fixed cells. Two versions of the
workstation have been designed and are evolving. The system
used primarily for live cell work is based on an inverted
microscope, which was modified to have three camera ports
with equal magnification. Motorized components interfaced
with a computer are used to automate the selection of micro-
scope modes. The operator, from within a program or via the
keyboard, can switch between modes without touching the
microscope. For example, one can switch between video-
enhanced differential interference contrast (VEC-DIC) micros-
copy and real time fluorescence microscopy by depressing a
single key resulting in the movement of the analyzer, filter cube,
light source shutters, neutral density and excitation filter
wheels, the x, y stage, and camera port selector into pre-defined
positions. Separate inputs from each camera to the image
processor permits electronic switching between cameras. He
also described a system to take advantage of the laser in
different modes of light microscopy. A motorized, 8 position
fluorescence filter was added to the basic Zeiss laser scanning
confocal microscope. The addition of a high resolution video
camera for VEC-DIC and a cooled CCD camera for full field
imaging produced a very versatile imaging system that is also
managed from the host computer and image processor.
Modern light microscopy depends heavily on the use of
advanced reagents that generate contrast, add molecular spec-
ificity, yield chemical information, and can manipulate cell
chemistry. Reagents now include fluorescent analogs of func-
tional macromolecules, physiological indicators, specific inhib-
itors, and caged molecules. The real power of multi-mode light
microscopy is obtained by combining a variety of reagents with
the proper modes of light microscopy to explore the chemical
and molecular dynamics of the cells.
Dr. Taylor described some applications of multi-mode mi-
croscopy to the dynamics of wound healing in fibroblasts.
Reorganization of actin occurs during the migration of Swiss
3T3 cells. Studies using the in vitro would healing model show
that cellular responses to motility involve changes in the
distribution and orientation of actin-based fibers. During wound
healing, 3T3 cells become polarized, and the random pattern of
actin-based stress fibers seen in density arrested cells becomes
organized into actin-based transverse fibers in the leading
lamellae that are predominantly oriented perpendicular to the
direction of migration. Transverse fibers then transport centrip-
etally and disappear in the perinuclear region. Multi-mode
microscopy provided a method to study the dynamic nature of
transverse fibers by using a combination of VEC-DIC, real-time
fluorescence microscopy, fluorescence photobleaching recov-
ery, and fluorescent analogs of actin.
Confocal microscopy
The field of confocal microscopy was introduced and re-
viewed by Dr. G.J. Brakenhoff, one of the major contributors to
development of the confocal microscope. He discussed the
reasons for the recent rapid development of confocal micros-
copy as a valuable tool for the study of the three-dimensional
organization of materials of biological, medical and industrial
origin. Confocal microscopy effects its three-dimensional imag-
ing capability by the fact that only one point (or in some
approaches several points in tandem) in the specimen is illumi-
nated; this is in contrast to conventional, widefield microscopy
where the whole image field is illuminated. The image of the
same, confocal point is then formed on a point detector (or one
as close as possible to an ideal point). If diffraction limited
optics with high numerical aperture are used with a point
illuminator and detector, improved imaging results in the ver-
tical (optical) axis. This results in optical sectioning with a
shallow depth of field, at present the best known aspect of
confocal microscopy. This can be understood by realizing that
in confocal microscopy an off-focus point in the specimen both
is illuminated with lesser intensity as well as, by being off-focus,
contributes less to the detector signal. Optimal optical section-
ing requires high numerical aperture (N.A.) immersion optics.
Note, that the combination of both the illumination and detec-
tion effects produces the optical sectioning. Typically for a high
N.A. confocal system (1.3) the axial resolution is about 0.8 tim,
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with an accompanying lateral resolution of 0.2 pm. The actual
resolutions depend on wavelength, confocal mode and the size
of the pinholes in the illumination and detection apertures. The
choice of the pinhole size represents a compromise between
best optical resolution (small pinhole) and intensity of the
detected signal (large pinhole).
Viewed on a more general level one can say that the various
confocal optical conditions (N.A., wavelength, sizes of pin-
holes, quality of image forming optics) define the shape and
dimensions of a three-dimensional (3-D) probing volume with
which the specimen is sampled during spatial confocal image
formation. In reflection or transmission confocal microscopy
coherence effects result in a more complicated relation between
signal and 3-D object structure. In these cases a degree of
knowledge in advance about the object structure may be
necessary to arrive at a correct image interpretation. For these
reasons the preferred confocal mode of operation is in fluores-
cence; its general linear image formation rendering the data
very suitable for image processing and analysis. To do this
properly one has to take account of the optical/physical condi-
tions pertaining during image acquisition. Dr. Brakenhoff and
colleagues have used these techniques to analyze various
aspects of the spatial organization of chromosomes in eukary-
otic cells and the 3-D structure of plant chloroplasts.
Dr. Ira Kurtz described applications of the confocal micro-
scope to mammalian cortical collecting tubule. Standard epi-
fluorescence microscopes acquire fluorescent information from
out of focus planes, making it difficult to study acid/base
transport in individual cells using fluorescent pH dyes. To
eliminate the out-of-focus information in the depth dimension
they developed a dual excitation inverted confocal fluorescence
microscope which was coupled to a tubule perfusion apparatus.
CCTs from rabbits were loaded with BCECF and fluorescence
excitation ratios were digitized using a 488 nm line from a argon
laser, and the 422 nm output of a He-Cd laser. The lasers were
parked on a spot less than 1 m in size in single principal cells
located on the bottom of the tubule. One excitation ratio was
acquired per second. The results demonstrate that the basolat-
eral membrane of the principal cells possesses three acid/base
transporters: 1) Na/H antiport 2) Na-independent Cl/base ex-
change 3) Na/base transporter. It is anticipated that this new
methodology will be applied to a wide range of other epithelia.
Fluorescent lipid analog
Dr. Robert Bacallao described the changes in the morphology
of the Golgi apparatus (GA) and the microtubules in the
Madin-Darby canine kidney (MDC K) cells during the formation
of a polarized epithelium. The fluorescent lipid analog C6-NBD-
ceramide was used to determine whether the formation of a
polarized monolayer was temporally related to the development
of the barrier function and fence function of the tight junction.
The lipid analog and an "anti-Golgi" monoclonal antibody were
used to examine the organization of the GA by confocal beam
scanning laser microscopy. Microtubule organization was stud-
ied using monoclonal antibodies to tubulin.
The development of a transepithelial resistance (TER) was
used as a functional marker for polarization of a cell monolayer.
When a TER developed, two days after plating at a density of
50,000 cells/cm2. Using a novel BSA back exchange method, it
was found that a TER was associated with the formation of both
the fence and barrier function of the tight junction.
From six hours to two days after plating, the microtubules are
found in two distinct patterns. There is an area of increased
microtubule staining in a perinuclear region which co-localizes
with GA staining. This pattern is consistent with classical
descriptions of a microtubule organizing center. By two to three
days after plating the cells are 10 to 12 microns high. The
microtubules form a dispersed microtubule network and the GA
forms "finger-like" projections with the long axis oriented
vertically. The GA surrounds the nucleus.
Four to five days after plating the cells are 16 to 20 microns
high. The microtubules rearrange to form a dense apical web. A
second network is also observed consisting of microtubule
bundles running along the apicobasal axis of the cell. At the
basal surface of the cell, bundles form a less dense network at
the basal membrane. GA staining reveals "finger-like" projec-
tions which are suspended above the nucleus and just below the
level of the tight junction. The results suggest that the estab-
lishment of a polarized epithelium is coordinated with rear-
rangement of the microtubules and GA. The development of the
barrier function of the tight junction is associated with its
concomitant development as a transepithelial barrier.
Fluorescent indicator for sodium
Dr. Paul Negulescu presented studies in the regulation of
cytosolic free Na. [Na]1 was measured in isolated rabbit gastric
glands using a recently developed fluorescent indicator for
sodium, SBFI (sodium-binding benzofuran isophthalate). Intra-
cellular loading of the indicator was achieved by incubation
with an acetoxymethyl ester of the dye. Digital imaging of the
fluorescence was used to monitor [Na]1 in both acid-secreting
parietal cells and enzyme-secreting chief cells within intact
glands. In situ calibration of [Na]1 with ionophores indicated
that SBFI fluorescence (345/385 nm excitation ratio) could
resolve 2 m changes in [Na]1 and was relatively insensitive to
changes in K or pH. Measurements on intact glands showed
that basal [Na], was 8.5 2.2 m in parietal cells and 9.2 3
m in chief cells. Estimates of Na influx and efflux were made
by measuring rates of [Na]1 change following inactivation or
reactivation of the Na/K-ATPase in a rapid perfusion system.
Na buffering was found to be negligible, so rates of change of
[Na]1 were direct measurements of Na flux.
Na influx was measured following inactivation of the Na/K
pump by removal of extracellular K, [K]0. In K-free solutions,
[Na]1 increased by 3.2 1.5 mM/mm and 3.5 2.7 mM/mm in
parietal and chief cells, respectively. Carbachol, which stimu-
lates secretion from both cell types, was found to stimulate Na
influx in both cell types. In parietal cells, Na influx increased to
7.2 mM/mm. Both resting and stimulated Na influx were due
largely to the activity of the Na/H exchanger, as determined by
intracellular pH measurements with BCECF. In contrast to the
effect of carbachol, dbcAMP + IBMX (potent stimulants of
acid secretion) had no effect on Na metabolism.
Na efflux due to the NaJK-ATPase was determined by
calculating ouabain-sensitive Na efflux from Na-loaded cells.
Cells were Na-loaded by removal of [K]0. Addition of 5 mr'i
[K]0 and removal of extracellular Na, [Na]0, caused [Na]1 to
decrease rapidly toward 0 m. By subtracting passive Na efflux
under these conditions (the rate at which [Na]1 decreased in
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Na-free solution containing ouabain), an activation curve
(d[Na]/[Na]) for the NaJK-ATPase was calculated. The pump
demonstrated the greatest sensitivity between 5 and 20 mM
[Na]1. At 37°C the pump rate was < 3 mM/mm at 5 mtvi [Na11 and
20 mM/mm at 20 mi [Na]1, indicating that the pump has a great
ability to respond to changes in [Na11 in this range. The
presence of carbachol did not have a detectable effect on Na/K
pump kinetics.
These data are consistent with the following scenario during
carbachol stimulation: carbachol activates Na/H exchange,
thereby increasing Na influx. This causes an increase in [Na]
which stimulates the Na/K pump. The reason for activation of
Na/H exchange is unclear, but it may reflect an effort by the cell
to maintain pH in the face of parallel activation of the Cl/HCO3
exchanger. Na/H exchange activation may also be related to Na
and K regulation. For example, if the cell was losing K in the
presence of carbachol, due to activation of K conductances,
then activation of Na influx would result in increased pump
activity and increased K uptake. This is different from the
pattern seen with dBcAMP, which has no apparent effect on Na
metabolism. One explanation may be that K loss and or/pH is
balanced by activation of the apical H/K-ATPase, which is
more active following stimulation with cAMP than following
cholinergic stimulation. In any case, these data indicate that
different stimulants of acid secretion produce different patterns
of ionic regulation and that each pattern maintains [pH], and
[Na11 within narrow limits.
New fluorescence microscopy techniques
Alan S. Verkman described new fluorescence microscopy
methods developed to map the fluidity properties of cells in
isolated kidney tubule segments. To measure membrane flu-
idity, the fluorescence anisotropy of trimethylammonium-
diphenylhexatriene was measured by a quantitative imaging
technique. The methodology was established and validated
experimentally and theoretically to image the fluorescence
anisotropy of random and oriented fluorophores in cells. Fluo-
rescence lifetimes were measured by time-correlated photon
detection. Experiments were carried out using proximal straight
tubule (PST), cortical collecting tubule (CCT) and cortical thick
ascending limb (CTAL) from rabbit kidney. It was found that:
1) membrane fluidity in the apical membrane of intact PST was
significantly less than that in the basolateral membrane; 2)
vasopressin at a dose that increased the CCT osmotic water
permeability greater than tenfold had no effect on apical mem-
brane fluidity; and 3) the membrane fluidity of the CTAL apical
membrane is not particularly low. Therefore the very low NH3
and water permeabilities in the CTAL are not related to fluidity.
To quantitate cytoplasmic viscosity the picosecond rotational
correlation time of fluid-phase cytoplasmic markers were mea-
sured by phase-modulation microfluorometry. Instrumentation
was developed and the methods were validated in model
systems consisting of fluorophores in solutions containing glyc-
erol (to increase viscosity) and proteins (to simulate the intra-
cellular environment). It was found: I) in PST, CTAL, and
CCT, the cytoplasmic viscosity, defined as the bulk viscosity
between cytoskeletal elements, was only —-2 times greater than
that of water; and 2) a major change in the CCT cytoskeleton
induced by vasopressin has no measurable change in cytoplas-
mic viscosity. These methods should have application to stud-
ies of the cell biology of membrane fluidity and cytoplasmic
viscosity in living cells.
Use of fluorescent analogues
Dr. Richard Pagano described the use of fluorescent fatty
acid labelled lipid analogs for studying the metabolism and
intracellular transport of lipid molecules in living cells. These
analogs are rapidly transferred from liposomes to cultured cells
at low temperatures. Their subsequent metabolism at 37°C can
be followed by conventional lipid biochemical studies and
correlated with the distribution of intracellular fluorescence
determined by fluorescence microscopy.
The use of a fluorescent analog of sphingomylein, C6-NBD-
SM, to study the endocytosis and recycling of plasma mem-
brane lipids was described. C6-NBD-SM was integrated into the
plasma membrane bilayer of CHO-Ki cells by transfer of
C6-NBD-SM monomers from liposomes to cells at 7°C. The
cells were washed, and within 10 to 15 minutes of being warmed
to 37°C, C6-NBD-SM was internalized from the plasma mem-
brane to a perinuclear location that colocalized with the centri-
ole and was distinct from the lysosomes and the Golgi appara-
tus. To study plasma membrane recycling, C6-NBD-SM was
first inserted into the plasma membrane of CHO-KI cells and
then allowed to be internalized by the cells at 37°C. Any
C6-NBD-SM remaining at the plasma membrane was removed
by incubation with nonfluorescent liposomes at 7°C, leaving
cells containing only internalized fluorescent lipid. The return
of C6-NBD-SM to the plasma membrane from the intracellular
compartments upon further 37°C incubation was then observed.
The half-time for a complete round of C6-NBD-SM recycling
between the plasma membrane and the intracellular compart-
ments was approximately 40 minutes.
The use of C6-NBD-Cer to stain the Golgi apparatus of cells
and to study the transport of sphingolipids along the secretory
pathway was reviewed. When living cells are treated with
C6-NBD-Cer at low temperature and washed, the endoplasmic
reticulum, nuclear envelope, and mitochondria become fluores-
cently labeled. Upon warming the cells to 37°C, the fluorescent
ceramide is metabolized to fluorescent sphingomyelin and glu-
cosylceramide, and concomitantly, the Golgi apparatus be-
comes intensely fluorescent. With increased time at 37°C, the
plasma membrane also becomes visibly labeled as fluorescent
SM and GIcCer are transported to the cell surface. Transport of
the newly synthesized fluorescent sphingolipids to the plasma
membrane is inhibited by the ionophore Monensin and during
mitosis, as is the movement of newly synthesized glycoproteins
to the cell surface under these conditions. These results suggest
that the fluorescent Sm and GlcCer analogs are synthesized
intracellularly and then transported from the Golgi apparatus to
the plasma membrane by the vesicle-mediated process analo-
gous to the well documented "secretory pathway" for plasma
membrane and secretory proteins. Dr. Pagano's presentation
showed the utility of employing fluorescent lipid analogs in
combination with fluorescence microscopy for the study of lipid
pathways in living cells.
Spectroscopic techniques
T.M. Jovin described the introduction of the spectroscopic
techniques of fluorescence resonance energy transfer and of
time resolved delayed fluorescence and phosphorescence into a
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microscope equipped with a solid-state CCD camera and phase-
locked excitation and emission choppers. The fluorescence
microscope has been modified by addition of computer-select-
able excitation and emission filters, and mechanical choppers
and/or opto-acoustic modulators in the optical paths for excita-
tion and emission, thereby providing the capability for making
measurements of delayed emission. The latter in the form of
phosphorescence or delayed fluorescence is generated under
anoxic conditions using acridine dyes and various halogenated
derivatives (such as eosin) of conventional fluorophores. De-
spite the lower signal intensities, a very effective suppression of
background due to scattering and prompt fluorescence (autoflu-
orescence) is achieved. Procedures have been elaborated for
determination of lifetimes in the m to ms range with single
pixel resolution. The distribution and replication of macromol-
ecules and ligands within cells (such as, DNA, ion probes) and
on cellular surfaces (receptors in the immune system) have been
quantitated by these methods, as well as by confocal laser
scanning microscopy. In addition, the estimation of fluores-
cence energy transfer provides a sensitive spectroscopic ruler
for assessing molecular interactions, such as between compo-
nents involved in the triggering of exocytosis. These ap-
proaches are being extended currently by introduction of phase-
sensitive measurements of emission with the resolution
required for fluorescence lifetime determinations.
Photobleaching
Dr. K. A. Jacobson discussed techniques that have emerged
in the past 15 years to measure the translational mobility of
fluorescence-labeled molecules within microscopic specimens,
including the membranes and cytoplasm of single, living cells.
The methods are based on photobleaching discrete regions of
the samples bearing fluorescent molecules, thereby destroying
their emission, and the subsequent observation of the recovery
of the fluorescence due to the diffusion or flow of unbleached
fluorophores from the surrounding region into the previously
bleached area. The time it takes for recovery to occur is
inversely related to the diffusion coefficient or flow velocity of
the labelled molecules. At this time, no other methods give
comparable information about the translational mobility of
molecules in defined regions of individual living cells and their
organelles. These techniques have become known as fluores-
cence recovery (or redistribution) after photobleaching
(FRAP), fluorescence photobleaching recovery (FPR), or fluo-
rescence microphotolysis (FM). In most instruments a contin-
uous wave laser is focused by the microscope objective to
either a micron-sized spot or a line pattern on the specimen.
The simplicity of the techniques has prompted their rapid
application to measurements of translational diffusion in natural
and artificial membranes, the diffusion of biopolymers in solu-
tion, and in the cytoplasm of living cells. The technique has also
been used to monitor transport across membrane bound organ-
elles.
More recently, a combined technology, video photobleach-
ing, has been of great utility in cell biology. In this technique, a
specimen pre-labeled with a fluorescent analog or antibody is
bleached created a "mark" on an appropriate membrane or
cytoskeletal structure. Following the pattern of recovery in a
digitized imaging microscope allows tracking the collective
movements of labeled molecules during physiological func-
tions, such as cell locomotion. This technology can also be used
to measure anisotropic diffusive transport.
Fluorescent marker techniques
Dr. D. J. Marsh described methods for measuring renal blood
flow using labelling erythrocytcs with a fluorescent marker,
typically fluorescein isothiocyanate or rhodamine isothiocya-
nate. Fluorescence is usually excited with an arc lamp, although
under certain circumstances helium-neon lasers are a less
expensive and more practical solution. Fluorescence can be
detected with a number of devices, including SIT cameras, or
image intensifiers coupled to CCD or newvicon cameras. A
blood vessel is selected for observation, and the rate of appear-
ance of labelled erythrocytes is determined. A sample of whole
blood is also collected, and the concentration of labelled
erythrocytes in whole blood is measured in a hemocytometer
chamber. The local blood flow rate is then calculated by
dividing the frequency by the concentration.
The major use of fluorescence blood flow techniques in the
renal circulation have been in the study of local flow regulation
in the amphibians Amphiuma means and Necturus maculosus.
It is necessary to count only about 20 cells to achieve a stable
variance in the blood flow determination, making it possible to
resolve the dynamics of renal blood flow control mechanisms.
This technique has been used to demonstrate a functional
coupling between tubular flow rate in the early distal tubule and
blood flow rate in the afferent arteriole supplying the tubule
whose early distal portion was studied. This coupling is char-
acteristic of the tubuloglomerular feedback mechanisms.
The fluorescent approach has been used less often in the
mammalian renal circulation than in amphibians. The intensity
of erythrocyte labelling is less in mammals, and it is often
necessary to prepare erythrocyte ghosts to achieve sufficient
fluorescence intensity, particularly given the very short resi-
dence times of labelling erythrocytes in the surface blood
vessels of the kidney. The signal to noise ratio is low, and no
reliable measurements have yet been made.
Impermeant markers
Dr. Marsh also described an alternative to conventional
micropuncture oil block methods for measuring flow rate of
renal tubular fluid, which does not require collection of the
tubular fluid. Since the delivery of tubular fluid is controlled, in
part, by a feedback control system that is sensitive to the flow
rate of tubular fluid, collecting all the tubular fluid makes it
impossible to study the control mechanism under many circum-
stances. A small bolus of synthetic tubular fluid, containing
FITC-dextran or XRITC-dextran as an impermeant marker, is
injected into the tubule through a micropipette. The small
volume of injected fluid is swept along in the ambient fluid
stream; the passage of the bolus past two optical sampling sites
is detected by a videodensitometric circuit that allows the
operator to position the sampling windows, and that returns a
signal proportional to the light intensity at a sampling frequency
equal to the video field rate. Determination of flow rate requires
a measurement of tubular radius, made with a video shearing
circuit from the fluorescent tubule images, a measurement of
the distance between the two optical sampling sites, also made
with the video image shearing circuit, and measurement of the
time required for the bolus to pass between the two sampling
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sites. The time measurement is made by digitizing the output of
the two sampling windows, and then determining from cross
correlation of the two time series the time lag that provides the
maximum correlation coefficient. The method has been used to
establish that acute hypertension inhibits reabsorption of tubu-
lar fluid by the proximal tubule, and also to show that an
oscillation in the tubular hydrostatic pressure is also accompa-
nied by an oscillation in tubular flow. The oscillation originates
in the operation of the tubuloglomerular feedback system.
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